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Abstract 10 
This paper presents a coupled dynamic motion response analysis of a floating wind turbine 11 
using an in-house code, CRAFT (Coupled Response Analysis of Floating wind Turbine). Viscous 12 
drag forces on horizontal pontoons are carefully calculated, and a nonlinear spectral method is 13 
applied to efficiently solve the coupled tendon dynamics. Viscous drag forces and tendon 14 
dynamics are two important factors when assessing a tension-leg platform (TLP)-type floating 15 
wind turbine in a time-domain simulator. The analysis object is the NREL 5 MW Wind Turbine, 16 
which is supported by a three-leg mini-TLP platform. Simulations of the free decay and response 17 
amplitude operator (RAO) tests are conducted using CRAFT as well as FAST, another commonly 18 
used code. The obtained results are compared with experimental results to verify the capability of 19 
CRAFT. Viscous drag force induces higher harmonic pitch resonance, which is most prominent 20 
when the wave period is three times the natural period of the pitch and the wave height reaches a 21 
threshold. Springing motion is identified and found to be caused by this resonant pitch motion. 22 
Time-domain statistics show that extreme increases in tendon loads caused by springing as well as 23 
pitch and tendon tension probability distributions are non-Gaussian in random sea states. In 24 
addition, the resonant pitch motion is significantly reduced by aerodynamic damping.  25 
Keywords: floating wind turbine; TLP; dynamic response; viscous drag force; pitch resonance 26 
1 Introduction 27 
Offshore wind energy is a promising renewable energy source, and deep water zones provide 28 
steady and strong winds, which promise stable, high-quality electrical energy production. An 29 
offshore wind turbine supported by a floating platform is one of the most cost-efficient choices for 30 
harvesting energy from high-wind areas with water depths exceeding 50 m. However, because 31 
these wind turbines are supported by a floating body, the response of the system is simultaneously 32 
dominated by several coupled loads, including the aerodynamic load, hydrodynamic load and 33 
mooring line load. These coupled dynamic responses of a floating wind turbine to wind and wave 34 
loads are complicated and must be solved in a time domain to capture transient and nonlinear 35 
effects. 36 
Among the compliant floating platforms widely used in the offshore oil industry, tension-leg 37 
platforms (TLPs) provide steady motion because of the high stiffness of their tendon mooring 38 
system, which generates wind power of good quality [1]. Independent 5 MW TLP-type wind 39 
turbine designs include designs by Concept Marine Associates (CMA) [2], Massachusetts Institute 40 
of Technology and Italian Enel group (MIT/Enel) [3], MIT and National Renewable Energy 41 
Laboratory (MIT/NREL) [4], and University of Maine [5]. These designs represent a variety of 42 
displacements from 846 tons to 12,187 tons, with stiffness provided by 3 to 8 tendons, and 43 
diameters at the water line ranging from 4.5 m to 18 m. With these drastically different mass and 44 
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geometric properties, the dynamic response of each wind turbine system is unique and must be 45 
analyzed using suitable methods. Furthermore, because of their high stiffness, TLPs are 46 
susceptible to high-frequency excitations that can produce resonant heave and pitch motions and 47 
cause fatigue damage to the tendons. Thus, these high-frequency excitations should be observed in 48 
a time-domain simulator, and a coupled dynamic analysis should be performed to verify its 49 
feasibility. There are several possible sources of high-frequency excitations: aerodynamic loads 50 
caused by turbulent wind imposed on the rotor and tower; second-order wave forces imposed on 51 
the platform; vortex-shedding-induced lifting forces imposed on the tendons; and viscous drag 52 
forces imposed on the surface piercing column and pontoons and tendons. Among these 53 
excitations, the hydrodynamic loads exceed the aerodynamic loads, thus dominating the system 54 
response. The viscous drag force is proportional to the square of the wave height and causes a 55 
mean displacement of surge and pitch motion that is proportional to the cube of the wave height 56 
[6]. Shen et al. [7] showed that viscous drag force can induce nonlinear higher harmonic 57 
vibrations in surge motion. Although the amplitudes of higher harmonic surge components are 58 
small, they can cause pitch resonance motion because of the inertial and hydrodynamic coupling 59 
between the surge and pitch if the frequencies of the higher harmonics are close to the natural 60 
frequency of the pitch. Furthermore, a strong interaction among the tower, platform and tendons 61 
has been observed in previous numerical simulations. Therefore, it is also necessary to analyze the 62 
coupled high-frequency response of floating wind turbines supported by TLPs because of the 63 
viscous drag force, especially in extreme sea conditions. 64 
In Shen et al. [7], the viscosity-induced high-frequency dynamic responses in both regular 65 
and irregular waves were investigated. Regular waves were examined using an analytical method, 66 
which was difficult to achieve for irregular waves. Therefore, a numerical analysis using FAST 67 
was applied, although FAST may not provide quantitatively correct predictions of the resonant 68 
amplitude because it adopts a quasi-static mooring model, which neglects viscous drag forces on 69 
tendons and overestimates the pitch resonant amplitude to some extent because the coupling 70 
between the tendons’ axial and transversal motions has a non-trivial contribution to the pitch 71 
damping. In addition, the experimental data presented in Steward et al. [8] indicated that the surge 72 
damping of a TLP floating wind turbine is nonlinear and amplitude dependent, which may be 73 
related to viscous drag, although this aspect is partially neglected in FAST. For high-frequency 74 
motion, potential damping caused by wave radiation is negligible, whereas aerodynamic damping 75 
and viscous damping are critical for determining the pitch resonant amplitude. FAST v7 is a 76 
globally used code for solving aerodynamic, hydrodynamic and control problems related to 77 
floating wind turbines. Therefore, the simulation results with respect to the linear responses given 78 
by CRAFT is compared with those given by FAST v7 for verification purpose. 79 
Additionally, tendon dynamics are also essential for determining the extreme dynamic 80 
response of TLPs. High-frequency resonant pitching is responsible for tendon springing and 81 
ringing phenomena, and the resulting high-frequency variations in the axial tension may cause the 82 
parametric vibrations and Mathieu instability [9]. Many scholars have studied the coupled 83 
dynamic motion of TLPs and their tendons. Paulling and Webster [10] discussed these aspects and 84 
concluded that the coupling effect is important. Ahmad [11] studied the coupled responses of 85 
TLPs by retaining the nonlinearities caused by the drag force, variable submergence, and large 86 
deformation and by randomly varying the tether tension, and he showed that the heave response 87 
and tendon tension are critically affected by the coupling between degrees of freedom. Gadagi and 88 
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Benaroya [12] studied the nonlinear dynamic response of an axially loaded tendon via the finite 89 
difference method (FDM). At low tension, the axial motion is mainly induced by geometry; thus, 90 
the geometric nonlinearity caused by lateral motion is important. Roald et al. [13] calculated the 91 
quadratic transfer function for the second-order wave forces on a mini-TLP and determined that 92 
these forces are an important source of high-frequency excitation and likely contribute to tendon 93 
tension variations. Chen et al. [14] applied a coupled dynamic analysis code accurate to the second 94 
order to analyze the response of a mini-TLP and solved the tendon dynamics using the FDM. 95 
These authors compared the results predicted by a coupled analysis and those predicted by an 96 
uncoupled analysis, which applied a quasi-static mooring model with experimental results, and 97 
they showed that the results of the coupled analysis were consistent with those of the experimental 98 
findings, whereas the uncoupled analysis failed to provide satisfactory predictions in the low- and 99 
high-frequency regimes.  100 
In this work, an in-house coupled dynamic analysis program (CRAFT) for TLP-type floating 101 
wind turbines is presented. This model accounts for the nonlinear tendon dynamics and viscous 102 
drag force imposed on the horizontal pontoons. Free decay tests and response amplitude operators 103 
(RAOs) are calculated and compared with the results provided by FAST and model test results 104 
from Koo et al. [5] and Stewart et al. [8] to validate the CRAFT simulation results. The effects of 105 
viscous drag force, aerodynamic force, and mooring models on the dynamic response of the surge, 106 
pitch and tendon tensions in regular waves, random sea states and joint wind-wave sea states are 107 
investigated using a frequency domain spectrum analysis and time-domain statistical analysis. 108 
Emphasis is placed on the coupled pitch resonance induced by the viscous drag force and resulting 109 
springing and extreme loads. 110 
2 Theory and Method 111 
2.1 Aerodynamic load 112 
In this work, only steady-state winds are considered, and the corresponding aerodynamic force 113 
results in a mean surge displacement and is balanced by the horizontal component of the tendon 114 
tension. A pitch moment is also induced, which causes an increase in the tension on the windward 115 
side and decrease on the leeward side. In addition, the aerodynamic force presents significant 116 
damping of the pitch motion, which is crucial for reducing high-frequency pitch resonant motion. 117 
Nevertheless, under extreme sea conditions, the turbine is parked and blades are feathered (90° 118 
pitch angle) to avoid large aerodynamic forces that could substantially damage the blades. In such 119 
situations, aerodynamic damping is small compared with that of the operating conditions. 120 
Aerodynamic forces are calculated using the blade element momentum (BEM) theory, which is 121 
a combination of blade element theory and momentum theory. Although efficient, BEM theory 122 
neglects radial aerodynamic interactions by assuming two-dimensional flow at each radius; 123 
moreover, the derivation of momentum theory is based on quasi-static flow. Nevertheless, BEM 124 
theory is sufficiently accurate for predicting mean wind forces when the incoming flow does not 125 
vary rapidly with time.  126 
A tip loss model, hub loss model and Glauert correction are also adopted to fix the induction 127 
factor because of a finite blade number, vortexes shed by the hub and turbulent wake, respectively. 128 
The effect of dynamic stall is not taken into consideration in this work. Further details regarding 129 
the theory and implementation of the BEM theory can be found in Moriarty and Hansen [15] 130 
and/or Burton [16]. 131 
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 132 
The dynamic effect of aerodynamic loads induces additional coupling between the surge and 133 
pitch motions of the platform. For fixed rotor speeds and blade pitch angles, the local angle of 134 
attack is almost linearly related to the relative incoming flow velocity, whereas the magnitude of 135 
total relative velocity is approximately unchanged because the dominant component is the 136 
tangential velocity, which is determined by the rotor angular velocity. Consequently, the lifting 137 
force on each blade element is almost linearly related to the relative incoming flow velocity, which 138 
is similar to the total thrust force as an integration of blade element forces. As a result, 139 
T steady T disturbF F C V  ,
                             (1)     140 
where TF  
denotes the rotor thrust force, 
steadyF  denotes the rotor thrust force caused by 141 
steady-state winds without platform motion disturbance, 
( )
steady
T
T
V
F V
C
V



, and 
disturbV  
is the 142 
deviation of the relative velocity from the steady-state velocity caused by surge and pitch motion. 143 
Assuming the mean wind direction is oriented in the positive x  direction, it follows that 144 
                                𝑉𝑑𝑖𝑠𝑡𝑟𝑢𝑏 = −?̇?1 − ?̇?5𝑙 ,                         (2) 145 
where 
1x  
denotes the surge displacement, 
5x  
denotes the pitch displacement, and l  denotes 146 
the distance between the rotor center and a reference point that is assumed to be on the static water 147 
plane. 148 
Substituting (2) into (1) provides the following: 149 
𝐹𝑇 = 𝐹𝑠𝑡𝑒𝑎𝑑𝑦 − 𝐶𝑇?̇?1 − 𝐶𝑇?̇?5 .                     (3) 150 
Thus, the induced pitch moment is equal to 151 
𝑀 = 𝐹𝑇𝑙 = 𝐹𝑠𝑡𝑒𝑎𝑑𝑦𝑙 − 𝐶𝑇?̇?1𝑙 − 𝐶𝑇?̇?5𝑙
2 .               (4) 152 
  Equations (3) and (4) show that the presence of aerodynamic forces introduces an additional 153 
coupling between surge and pitch. On the right-hand side of (3), the first term results in a mean 154 
surge displacement, the second term is the source of aerodynamic damping for surge, and the third 155 
term represents the surge excitation caused by pitch. Similarly, on the right-hand side of (4), the 156 
second term represents the pitch excitation caused by surge and the third term is the aerodynamic 157 
damping of pitch. This derivation shows consistency with the experimental findings about 158 
aerodynamic damping presented in Koo et. al. [5] 159 
 160 
2.2 Hydrodynamic loads 161 
   Hydrodynamic loads are calculated using a hybrid potential-Morison equation approach, 162 
wherein the inertial and radiation forces are predicted using potential theory, and the viscous force 163 
is approximated by the Morison equation. For large-volume structures, the potential flow and rigid 164 
body assumptions simplify the problem while maintaining the accuracy of the predicted 165 
hydrodynamic loads. For smaller structural components, viscosity is important because of flow 166 
separation, which results in a drag force that is proportional to the square of the velocity.  167 
  By assuming that the wave amplitude and body motion are small, the potential flow problem 168 
can be split into first-order, second-order and higher-order problems with respect to the wave 169 
height. According to first-order potential theory, the governing equations of platform motion can 170 
be written as follows [17]: 171 
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∑ [𝑀𝛼𝛽 + 𝜇𝛼𝛽(∞)]?̈?𝛽 + ∫ 𝐿𝛼𝛽(𝑡 − 𝜏)?̈?𝛽(𝜏)𝑑𝜏 + 𝐶𝛼𝛽𝑋𝛽 = 𝐹𝛼
𝐷 + 𝐹𝛼
𝐹𝐾 + 𝐹𝛼
𝑀 + 𝐹𝛼
𝑉𝑡
−∞
6
𝛽=1
  ,  
(5) 172 
where M  
represents the inertia matrix; 
  
represents the added mass matrix of infinite 173 
frequency; L  represents the matrix kernel of convolution, which reflects memory effects of the 174 
free surface; C  represents the hydrostatic restoring matrix; 
DF  
represents the diffraction 175 
forces; FKF  represents the Froude-Kriloff (F-K) forces; 
MF  represents the mooring forces; and 176 
VF  
represents the viscous drag forces imposed on the columns and pontoons.  177 
The added mass, radiation damping, diffraction and F-K forces can be determined from a 178 
frequency domain code such as WAMIT [18]. Subsequently, an integral transformation is used to 179 
calculate the convolution kernel. Mooring forces are determined from the tendon dynamic 180 
equations. Viscous and inertial forces on the structural components per length are calculated via 181 
the Morison equation:  182 
              2 2
1 1 1
( ) ( 1)
2 4 4
D M M
U U
dF DC U u U u C D C D
t t
  
 
     
  ,
        (6) 183 
                                184 
where U  denotes the ambient wave velocity and u  denotes the velocity of the structural 185 
component induced by platform motion. Only the viscous term is calculated and imposed on the 186 
column and pontoons because the inertial terms are included in the added mass, F-K forces, 187 
diffraction forces and radiation forces. Both the viscous and inertial terms are calculated as 188 
hydrodynamic forces on the tendons. 189 
The added mass and drag coefficient of the tendons are 2.0MC   and 1.0DC  , respectively 190 
[6], [19].The drag coefficient of the surface piercing column is 0.7, and the drag forces on the 191 
three rectangular sectional pontoons are also calculated, which is not performed in FAST. The drag 192 
coefficients of sharp-edged bodies were investigated by Bearman et al. [20], and their 193 
experimental results showed that the drag coefficient is approximately 3.0 for a facing square and 194 
5.0 for a diagonal square. Because the pontoon cross-sections are rectangular, the average of the 195 
length and width is chosen as the equivalent diameter. The relative velocity between a fluid 196 
particle and structure is decomposed into a component perpendicular to the cross-section and a 197 
component parallel to the cross-section, although only the latter contributes to the drag force.   198 
   199 
2.3 Tendon dynamics 200 
Determining expressions for the positioning and dynamic capabilities of the tendons of 201 
TLP-type wind turbines is challenging. The vertical and horizontal displacements of the tendons 202 
are expanded as a superposition of a set of trigonometric basis functions, and a set of nonlinearly 203 
coupled ordinary differential equations governing the expansion coefficients is derived from the 204 
Lagrange equation. This method for solving partial differential equations is commonly known as 205 
the spectral method (SM). The SM usually has higher accuracy and resolution than the FDM or 206 
FEM approaches for smooth solutions and assumes the same calculation time. The formulation is 207 
presented as follows 208 
1
0
1
( )
( , ) (t)sin( )
N
n
n
u t x n x
u x t a
l l


 
,
                    (7) 209 
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2
0
1
( )
( , ) (t)sin( )
N
n
n
v t x n x
v x t b
l l


 
,
                   (8) 210 
3
0
1
( )
( , ) (t)sin( )
N
n
n
w t x n x
w x t c
l l


  ,                    (9) 211 
where x  represents the axial coordinate, with 0x   representing the bottom end point 212 
connected to the anchor and x l  representing the top end point connected to the fairlead; l  213 
represents the length of the tendon; u , v and w represent the horizontal and vertical 214 
displacements, respectively; 
0u , 0v and 0w  
represent the displacements of the top end point, 215 
which are determined by the platform motion; and 
na , nb and nc  
are the expansion coefficients.  216 
The total kinematic energy can be written as follows 217 
 218 
T=
1
2
𝜌 ∫ (?̇?2 + ?̇?2 + ?̇?2)𝑑𝑥
l
0
  219 
=
1
2
𝜌[
?̇?0
2𝑙
3
+
?̇?0
2𝑙
3
+
?̇?0
2𝑙
3
+ ∑
?̇?𝑛
2 𝑙
2
𝑁1
𝑛=1 + ∑
?̇?𝑛
2𝑙
2
𝑁2
𝑛=1 + ∑
𝑐?̇?
2𝑙
2
𝑁3
𝑛=1   220 
               +∑
(−)𝑛+1?̇?0?̇?𝑛𝑙
𝑛𝜋
𝑁1
𝑛=1 + ∑
(−)𝑛+1?̇?0?̇?𝑛𝑙
𝑛𝜋
+ ∑
(−)𝑛+1?̇?0𝑐?̇?𝑙
𝑛𝜋
𝑁3
𝑛=1
𝑁2
𝑛=1 ] ,       (10) 221 
 222 
where 
 
represents the linear density of the tendon, and the dots denote time derivatives. 223 
The elastic potential energy caused by bending is much smaller than that caused by 224 
elongation unless the axial tension decreases to zero. Thus, bending energy is neglected, and the 225 
total elastic potential energy is approximated as follows: 226 
2
0
1
2
l
U EA dx 
,
                           (11) 227 
2 2 21 2 1x x x xw u v w       ,
                       (12) 228 
where E  is Young’s modulus, A  is the section area, and   is the axial strain. 229 
Because l≫u≈v≫w , which is caused by the tendon’s high stiffness, it follows that 230 
1≫u𝑥≈v𝑥≫w𝑥, which implies that the nonlinear terms 
2
xu and 
2
xv should be preserved during 231 
linearization to retain the major contribution of the geometric nonlinearity. As a result, the strain 232 
can be approximated to the leading order as follows: 233 
                         2 2
1 1
2 2
x x xw u v   
,
                             (13) 234 
The elastic potential energy can be approximated as follows: 235 
               
3
2 2 2
0
2 2
2 2 4 4 2 20
0
1
1 1 1
( )
2 2 2
( )1 1 1 1
[ ( ) ]
2 2 4 4 2
l
x x x
N
l
n
x x x x x x x x
n
U EA w u v dx
w nc
EA w u w v u v u v dx
l l


  
      

 
.
     (14) 236 
The potential energy caused by gravity and buoyancy can be easily written and substituted 237 
into the Lagrange equation: 238 
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𝑑
𝑑𝑡
(
𝜕𝐿
𝜕?̇?𝑘
) −
𝜕𝐿
𝑞𝑘
= 𝑄𝑘 ,                            (15) 239 
where L T V   is the Lagrangian; V  is the total potential energy; kq  
is the generalized 240 
coordinate, which is composed of the set of expansion coefficients 
na , nb  and nc  in this study; 241 
and 
 
 k k
W
Q
q





 
is the generalized force corresponding to 
kq . In addition, the imaginary work 242 
W  corresponding to the imaginary displacement kq  
is calculated by applying the Morison 243 
equation to the hydrodynamic force imposed on the tendon. 244 
Combining equations (10), (14), and (15) and considering the effects of gravity and buoyancy, 245 
the governing equations accurate to the first order are as follows: 246 
2 2 2 2
0
2 2
2
0 0
( 1) ( 1)( )
( ) ( )
2 8 2 2
sin ( ) sin( )
4 2
n
M w n M w
n
l l
M w x D w
x x
C D l d a C D d ul l W
n adt dt
C D dU C Dn x u u n x
dx U U dx
dt l t t l
   


   
  
   

 
   
  
,    (16) 247 
 248 
2 2 2 2
0
2 2
2
0 0
( 1) ( 1)( )
( ) ( )
2 8 2 2
sin ( ) sin( )
4 2
n
M w n M w
n
l lyM w D w
y y
C D l d b C D d vl l W
n bdt dt
dUC D C Dn x v v n x
dx U U dx
dt l t t l
   


   
  
   

 
   
  
,    (17) 249 
 250 
              
2 2 22 2
10
2 2
( )( )
[( ) 1]
2 2 2
n
nn w
n
n
d c d w D gll EAn l W
c
l n c ndt dt
    
 
       

,     (18) 251 
 252 
where w  
is the density of sea water, D  is the tendon outer diameter, MC  
and DC  
are the 253 
mass and drag force coefficients, respectively, in the Morison equation, xU and yU are the 254 
horizontal components of the wave velocity, and g  is the gravitational acceleration. 255 
2 2 4 4 2 2
0
1 1 1 1
( )
2 4 4 2
l
x x x x x x x xW EA w u w v u v u v dx      is the nonlinear component of the elastic 256 
potential energy, whose partial derivatives should be evaluated numerically at each time step. The 257 
advantage of using the trigonometric expansion is that the fast Fourier transformation technique 258 
can be used to significantly reduce the calculation time. Structural damping was not considered in 259 
this work because it is assumed to be small compared with the hydrodynamic viscous damping. 260 
Once the displacements of the top end point and their first and second time derivatives are 261 
determined, the right-hand sides of equations (16), (17) and (18) can be determined given a sea 262 
state. Subsequently, the equations can be integrated using a time marching scheme to the next time 263 
step. 264 
Unlike the modal superposition method, which assumes small deflection and linearization, 265 
the spectral method can simulate the nonlinear interaction between axial and transversal motions 266 
to an arbitrary order. The geometric nonlinearity of large deflection and potential for instability are 267 
intrinsically included. 268 
 269 
2.4 Procedure of the coupled numerical simulation 270 
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    For simplicity, structural flexibility is not included in the model, and the entire wind turbine 271 
and platform are modeled as a rigid body. These assumptions result in a discrepancy in the natural 272 
frequency of pitch motion. To remedy this situation, pitch inertia is tuned to be larger than that 273 
calculated from the rigid body mass distribution so that the pitch natural frequency is equivalent to 274 
0.32 Hz. 275 
At each time step, the axial force at the top end point of each tendon is obtained by applying 276 
equation (13). The spectral expansion is truncated at N=4 in this study, which means that a group 277 
of 12 coupled equations for each tendon are solved to determine the motion and tension. A 278 
convergence test is conducted to confirm that this number of equations is sufficient for obtaining 279 
good accuracy. The rigid body accelerations are then solved from equation (5), and the 280 
accelerations of the fairlead points are calculated assuming that the platform is a rigid body. 281 
Because the right-hand sides of equations (16), (17) and (18) are determined assuming a specified 282 
sea state and motion history, they are integrated to the next time step using the fourth-order 283 
Runge-Kutta method. The numerical stiffness of equation (18) was carefully treated because of the 284 
high axial stiffness of the tendons. 285 
 286 
 287 
Fig. 1 Illustration of the procedure implemented in the coupled numerical simulation. 288 
 289 
3 Description of the Objective Model  290 
The floating wind turbine studied in this work is composed of the NREL 5 MW Wind Turbine 291 
and TLP proposed by the University of Maine for use in the DeepCwind project, which is shown below 292 
[5]. During the simulation, the waves and winds are in alignment (see Fig. 2). 293 
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 294 
Fig. 2 Principal dimensions of the TLP [5]. 295 
(Please reproduce Fig.2in black-and white on the Web and in black-and-white in print) 296 
Table 1. Principal dimensions and mass properties of the NREL 5 MW wind turbine [5]. 297 
Item Unit Value 
Power MW 5.0 
Tower Top Mass (Hub, Blades, and Nacelle) kg 350,000 
Rotor Diameter m 126.0 
Tower Mass kg 249,718 
Tower Height m 77.6 
Tower CG (% from Tower Base) % 43.0 
 298 
Table 2. Principal dimensions and mass properties* of the TLP [5]. 299 
Item Unit Value 
Draft m 30.0 
Mass kg 1361,000 
Displacement kg 2840,000 
Anchor Radius m 30.0 
Water Depth m 200.0 
Tendon Diameter m 0.6 
Mass per Length (dry) kg/m 289.8 
* with wind turbine and moorings 300 
Table 3. Natural frequencies of the TLP with rigid and flexible wind turbine blades and tower [13]. 301 
Mode 
Natural Frequency 
(rigid) [Hz] 
Natural Frequency 
(flexible) [Hz] 
Surge     0.0248      0.0248  
Sway     0.0248      0.0248  
6m
40m
1.5m
? 5m
120?
3m
4.5m
Wave&Wind
Tendon#1
Tendon#2
Tendon#3
? .5m
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Heave     0.9510      0.9467 
Roll     0.5392      0.3191 
Pitch     0.5399      0.3217 
Yaw     0.0595      0.0595  
 302 
    The total mass of the wind turbine is approximately equal to the mass of the TLP, which 303 
indicates that the dynamic coupling between the turbine and TLP should be strong. A significant 304 
shift in the pitch and roll frequencies from approximately 0.54 Hz with a rigid tower to 0.32 Hz 305 
with a flexible tower, which is caused by the coupling between tower bending and platform pitch 306 
motions, is observed and described in Roald et al. [13]. Compared with the platforms used in oil 307 
and gas industries, this TLP platform is much smaller, which implies that the viscous effect is 308 
relatively more important compared with that of typical offshore TLP platforms.  309 
4 Verifications 310 
In this section, the CRAFT code is verified through a comparative analysis with a TLP-type 311 
floating wind turbine, and published experimental data presented in Stewart et. al. [8] are adopted 312 
for the verification. The experiment was implemented on a 1/50
th
 scale TLP type floating wind 313 
turbine model based on Froude scaling by the University of Maine. All the experimental results 314 
were extrapolated to the full scale. In the surge free decay test, the platform was displaced the full 315 
scale equivalent of 4 m in the surge direction and the surge displacement was recorded by an 316 
optical displacement sensor located near the tower base. [8] 317 
 318 
4.1 Comparison of period and damping coefficients using free decay cases 319 
 320 
Damping is one of the most important factors affecting TLP-type wind turbines. 321 
Experimental results have shown that quadratic damping caused by viscous drag plays an 322 
important role in low-frequency zones where radiation damping vanishes [8]. Surge free decay is 323 
simulated by CRAFT and FAST and shown in Fig. 3. CRAFT# denotes the free decay result 324 
without including the viscous drag force effects on the pontoons, whereas FAST, approximates the 325 
tendon mooring system by quasi-static mooring lines, which neglects the inertial effect. To remedy 326 
this situation, the platform mass applied in FAST includes the mooring mass listed in Table 2. This 327 
is done by adding two third of the total dry mass onto the platform. Because of the high tendon 328 
tension, the shape of the tendon can be well approximated as a straight line, which indicates the 329 
horizontal velocity of each element of the tendon is proportional to its distance from the anchor. 330 
As a result, the equivalent inertia is one third of the tendon mass if there is no ambient fluid and it 331 
should be doubled accounting for the added mass effect in water if the majority of the ambient 332 
fluid is assumed to be ideal. The quadratic damping ratio caused by viscous drag force in both the 333 
simulations and experiments were calculated using the method proposed by Hoff [21] and are 334 
summarized in Table 4. The results show that the lack of viscous drag in the numerical simulation 335 
leads to a large underestimation of the surge free decay damping.  336 
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 337 
Fig. 3 Surge free decay test. 338 
 339 
Table 4. Natural periods and damping ratios of surge motion. 340 
 341 
           Average period       Quadratic damping     Percentage difference 342 
                                    ratio           in Qudratic damping 343 
Unit            (s)                  (1/m)                 / 344 
CRAFT        40.04           9.30E-03        9.7% 345 
CRAFT#       39.88           5.70E-03        44% 346 
FAST          39.45           4.40E-03        57% 347 
Experiment     40.00            1.03E-02         / 348 
 349 
  350 
The free decay results obtained using CRAFT show an amplitude-dependent characteristic, 351 
which can be observed from the free decay curve. The amplitude-dependent damping is also 352 
indicated by the experimental results and may have been caused by the viscous drag force. 353 
Therefore, the CRAFT simulation results are relatively close to the free decay curve obtained by 354 
the experimental findings presented in Stewart et al. [8].  355 
The natural period predicted by CRAFT is larger than that predicted by CRAFT#, which is 356 
caused by the damping effect of the viscous force on the pontoons. The natural period predicted by 357 
CRAFT# is larger than that predicted by FAST, which is believed to be caused by the damping 358 
effect of the viscous force on the tendons. The natural periods predicted by all three simulations 359 
are close to that of the experimental results. 360 
  361 
The overall damping in CRAFT is slightly lower than that in the experimental decay results. 362 
This phenomenon has also been observed for the OC-3 Hywind Spar wind turbine, where the 363 
hydrodynamic damping of the real platform motion is not fully captured by summing the linear 364 
radiation damping and nonlinear viscous drag forces [22]. 365 
Nevertheless, the free decay results, especially the natural period and quadratic damping ratio, 366 
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predicted by CRAFT are consistent with the experimental findings, which confirms that the 367 
viscous drag forces on the pontoons are critical to TLP wind turbines and should not be neglected 368 
in numerical simulations. 369 
 370 
4.2 RAO comparisons 371 
 372 
Among all of six rigid-body modes of platform motion, surge and pitch are the two most 373 
important motions because they dominate the dynamic responses of the system. Thus, the 374 
capability of CRAFT to capture the response characteristics of these two motions is verified in this 375 
section. Surge RAOs are calculated from the CRAFT results for the white noise sea case and 376 
FAST results using a series of regular wave tests. The experiment results are obtained from the 377 
published results presented in Koo et al. [5]. The experiment was implemented on a 1/50th scale 378 
TLP type floating wind turbine model based on Froude scaling at Maritime Research Institute 379 
Netherlands. The six degree of freedom motions were measured by the optical tracking system. [5] 380 
The numerical and experimental results are shown in Fig. 4. 381 
 382 
 383 
Fig. 4 Platform surge RAOs. 384 
As shown in Fig. 4, the wave frequency surge RAOs calculated from these two approaches 385 
are comparable and consistent with the experimental results. The effect of viscous force appears to 386 
be insignificant in this case, which is mainly because the excitations and motions in the RAO 387 
cases are small. The magnitude of the viscous force is proportional to the square of the relative 388 
velocity; therefore, both exciting and damping effects of the viscous force are small, and the 389 
overall excitation and damping are dominated by first-order potential forces and radiation 390 
damping. Therefore, no significant difference is expected for surge RAOs where linear wave 391 
forces dominate. This consistency among surge RAOs suggests that both CRAFT and FAST can 392 
accurately predict the surge responses at typical wave frequencies. 393 
Pitch motion is another important motion, and pitch RAOs are calculated for CRAFT and 394 
FAST. The results are shown in Fig. 5. 395 
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 396 
Fig. 5 Platform pitch RAOs. 397 
 398 
The responses close to the pitch resonant frequency (0.32Hz) predicted using CRAFT are 399 
much smaller than those predicted using FAST. The peak in the pitch RAOs predicted using 400 
CRAFT is approximately one-fifth of that predicted using FAST, and this difference may have 401 
been caused by the damping effect of the viscous drag force on the tendons. To verify this 402 
inference, the viscous force on the pontoons is removed, and the dynamic mooring lines are 403 
replaced by linear restoring forces in CRAFT. The corresponding results are shown with the 404 
dashed line and denoted as CRAFT* in Fig. 5. The peak value predicted using this method is close 405 
to that predicted using FAST, indicating that the discrepancy in the peak of the pitch RAOs is 406 
indeed caused by the damping effect. Because radiation damping vanishes at high frequencies, 407 
viscous damping on both the pontoons and tendons is important and dominates the resonant 408 
motions. The pitch natural frequency shifts from 0.319Hz to 0.323 because of the removal of the 409 
viscous force and change in the tendon model. This difference is understandable because both the 410 
viscous damping effect and tendon inertial effect act to decrease the natural frequency.  411 
Furthermore, the peak in the dashed line at low frequencies does not indicate a large pitch 412 
response to wave exciting forces at that frequency because this peak is caused by the inertial and 413 
hydrodynamic coupling with surge motion. Because white noise contains excitation over a large 414 
frequency zone that includes the surge resonant frequency, surge motion is resonated and 415 
exaggerated because of the lack of viscous damping, which results in a pitch response at such low 416 
frequencies. Therefore, this effect is caused by a faulty numerical model and further indicates the 417 
importance of including viscous damping in the numerical analysis. 418 
In conclusion, both the free decay and RAO tests indicate that CRAFT is capable of 419 
providing quantitative results within a reasonable level of accuracy for the viscous induced pitch 420 
motion that is going to be discussed. 421 
5 Discussion 422 
In this section, pitch resonant motion induced by viscous drag force is investigated. Unlike 423 
the first-order potential forces, the viscous drag force is nonlinear and can cause higher harmonic 424 
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surge responses. Because surge and pitch are highly coupled motions for floating wind turbines, 425 
pitch resonant motion can be excited if the frequency of one of the higher harmonic components 426 
coincides with the pitch natural frequency. 427 
The effects of viscous drag force and tendon dynamics are studied by comparing the 428 
numerical simulation results obtained using three different approaches, which are summarized in 429 
Table 5. Approach 1 is the coupled dynamic analysis method applied in CRAFT; Approach 2 430 
replaces the dynamic tendon model with linear restoring forces; and Approach 3 excludes the 431 
viscous drag forces on the columns and pontoons, although these forces on the tendons are 432 
preserved. The viscous force on tendons has been shown to be necessary not only for its important 433 
effects on damping and excitation but also for numerical stability. 434 
 435 
Table 5. Simulation methods and settings. 436 
 437 
Simulation approaches Approach 1     Approach 2      Approach 3 438 
Tendon model Dynamic      Linear Restoring    Dynamic 439 
Viscous force Included      Included       Excluded 440 
 441 
 442 
5.1 Effects of higher harmonics 443 
 444 
The magnitude and behavior of higher harmonic pitch responses differ, and these differences 445 
are investigated by analyzing the pitch responses in regular waves with specified periods. Regular 446 
wave tests with wave periods of 9.33 s, 15.55 s and 21.77 s are conducted, and their third, fifth 447 
and seventh harmonic excitations, respectively, excite pitch resonant motion. The wave parameters 448 
are listed in Table 6. An investigation of harmonics exceeding the seventh order requires wave 449 
periods longer than 28 s, which is seldom encountered within real sea states; thus, these orders are 450 
not discussed herein. 451 
 452 
Table 6. Wave parameters for the regular wave cases.  453 
 454 
                Wave period         Wave height         Higher-order harmonics 455 
Case               (s)                (m)                     / 456 
LC R1             9.33               5.0                     3rd 457 
LC R2             15.55              5.0                     5th 458 
LC R3             21.77              5.0                     7th 459 
 460 
 The pitch PSDs near the pitch resonant frequency are obtained after the transient motions 461 
because of initial conditions have decayed, and they are shown in Fig. 6. 462 
 In all three cases, pitch resonant motion is excited. In cases LC R1 and LC R2, the PSD 463 
predicted using Approach 1 is larger because the viscous effects on the columns, pontoons and 464 
tendons are included. The pitch PSDs predicted using Approach 2 are slightly smaller than those 465 
predicted using Approach 1, which indicates that the viscous forces on the columns and pontoons 466 
dominate the higher harmonic excitations because these forces are larger than those on the tendons 467 
because of their large cross-sectional areas. The viscous forces on the tendons have an increasing 468 
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damping effect and decreasing excitation effect for increasing wave periods, which is indicated by 469 
the pitch PSDs predicted using Approach 3. In cases LC R2 and LC R3, the pitch PSDs are small, 470 
which means that the excitation effect of the tendon viscous force is much smaller than that in LC 471 
R1. In addition, in case LC R3, the pitch PSD predicted using Approach 2 is larger than the pitch 472 
PSD predicted using Approach 1, which indicates that the damping effect of the tendons 473 
overwhelms the excitation effects. Moreover, the magnitude of the higher harmonic pitch 474 
responses decrease for increases in the order. Therefore, higher (exceeding the seventh order) 475 
harmonic pitch responses are of less interest because of their small magnitudes. 476 
  477 
 478 
 479 
 480 
Fig. 6 Pitch PSDs near the natural frequency (0.32 Hz) for the regular wave cases. 481 
 482 
5.2 Wave height effects 483 
 484 
The dependence of higher harmonic responses on wave height is investigated using a series 485 
of regular wave cases with fixed periods and increasing wave heights. All of the simulations are 486 
conducted according to Approach 1. The peak value of the pitch PSD near the resonant frequency 487 
is determined based on the steady-state pitch time history shown in Fig. 7. The left side of Fig. 7 488 
shows the pitch PSD excited by regular waves with a period of 9.33 s and wave heights ranging 489 
from 1 m to 12 m using an interval of 1 m. The right side shows that the PSD excited by regular 490 
waves with a period 15.55 s and wave heights ranging from 1 m to 14 m. Because the pitch 491 
resonant motion is induced by the nonlinear drag force, it is anticipated that the pitch resonant 492 
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amplitude should grow nonlinearly with increasing wave height. The perturbation analysis applied 493 
in Shen et al. [7] indicates that the pitch resonant amplitude is proportional to a certain power of 494 
the wave height if the wave height is small. In Fig. 7, a cubic function is found to fit the first three 495 
data points that correspond to wave heights of 0 m, 1 m, and 2 m, and the fit has good accuracy. 496 
This finding indicates that the pitch resonant PSD is proportional to the wave height cubed or, 497 
equivalently, that the pitch resonant amplitude is proportional the wave height to the power of one 498 
and a half, if the wave height is small. Therefore, the pitch resonance induced by viscous drag 499 
grows more rapidly than the first-order motions and more slowly than the second-order motions 500 
for increasing wave heights. 501 
 502 
Fig. 7 Pitch PSDs near the resonant frequency under regular wave excitation with periods of 9.33 s 503 
and 15.55 s; cubic fits are also shown. 504 
 505 
In the case of the third harmonic pitch response corresponding to T = 9.33 s (Fig. 7, left), the 506 
simulated results exhibit deviation from the cubic function for wave heights exceeding 3 m. The 507 
PSD does not continue to increase with wave height and reaches a maximum at a wave height of 508 
approximately 9 m, decreasing with further increases in wave height. This result indicates that the 509 
strong nonlinear interaction between the pitch resonance and viscous drag force becomes 510 
complicated when wave heights are not small; thus, the relationship between pitch resonant 511 
motion and wave height cannot be simply described using polynomial functions. One of the 512 
reasons for the decrease in the pitch resonant PSD with increasing wave heights, which might 513 
appear contradictory at first, is the amplitude-dependent damping effect of the viscous force that 514 
can be observed by analyzing the quadratic drag term in the Morison equation. According to the 515 
Morison equation (6), viscous force is proportional to the square of the relative velocity: 516 
( )DdF U u U u   .
                            (19) 517 
Pitch motion is small because of the high stiffness of the tendons; therefore, the induced 518 
structural velocity u  is also small. Therefore, u U=  holds under moderate and severe sea state 519 
conditions, where U  denotes the wave velocity. The viscous force can then be decomposed into 520 
one component that is independent of the structural velocity and another component that is 521 
proportional to the structural velocity: 522 
2( ) 2 ( )DdF U u U u U U U u O u      .
                  (20) 523 
The second term on the right-hand side of equation (20) is always opposite that of the 524 
structural velocity and represents a damping force, whereas the damping coefficient 2 U
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proportional to the ambient wave velocity. Therefore, as the wave height increases, the damping 526 
effect of the viscous force also increases, implying that when the wave height is small, the pitch 527 
resonant PSD increases with wave height. When the wave height is sufficiently large, the viscous 528 
damping effect becomes important and prevents further increases in the pitch resonant PSD. In the 529 
case of fifth harmonic pitch response corresponding to T = 15.55 s (right), the consistency 530 
between the pitch resonant PSD of large wave heights and cubic function is improved, whereas the 531 
effect of damping is still apparent, although it is not as pronounced because the pitch PSDs 532 
continue to increase with increasing wave heights. The amplitudes of the pitch PSDs in this case 533 
are much smaller than those excited by the third harmonic excitation. 534 
 535 
5.3 Pitch resonance and corresponding loads in an extreme sea state 536 
 537 
The pitch resonance induced by viscous drag is a highly nonlinear process; thus, the response 538 
in an irregular sea state cannot be predicted based on responses to a series of regular waves; thus, 539 
such a response must be simulated independently. As indicated in Fig. 7, the most dangerous case 540 
in a real sea state is likely an irregular wave with a peak period of approximately 9.33 s and 541 
significant wave height of approximately 9 m.  542 
Therefore, an irregular wave generated according to the Jonswap spectrum with 9.4 pT s , 543 
8 sH m , and 2.2   are simulated using all three approaches. The wave spectrum is truncated 544 
at a frequency of 0.3 Hz, and wave components with frequencies higher than 0.3 Hz are 545 
intentionally excluded from the simulation so that the resonant pitch motion is purely induced by 546 
nonlinear viscous forces. The corresponding pitch PSDs are shown in Fig. 8.  547 
 548 
Fig. 8 Pitch PSDs for an extreme sea state with Tp =9.4 s and Hs =8 m. 549 
 550 
According to Fig. 8, the pitch resonant motion induced by the third harmonic excitation is 551 
severe, and the peak in the pitch PSD at the resonant frequency is approximately three times that 552 
at the wave frequency. The total energy of the pitch resonant motion, which is characterized by the 553 
area under the pitch PSD curve, is the largest for Approach 1 and smallest for Approach 3. This 554 
finding is consistent with the results for the regular wave case and indicates that viscous forces 555 
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acting on both the pontoons and tendons play an important role in resonant pitch motion. 556 
The statistics for the surge, pitch, heave and tensions for tendons #1 and #2 are summarized 557 
in Table 7. Because tendons #2 and #3 are in symmetrical positions, the statistics for tendon #3 are 558 
not included in Table 7. The statistics include the skewness, which describes the degree of 559 
asymmetry of a distribution around its mean, and kurtosis, which describes the relative peakedness 560 
or flatness of a distribution relative to a Gaussian distribution [23]. 561 
 562 
Table 7. Statistics of motions and tendon tensions. 563 
 564 
Approach 1   Surge (m)     Heave (m)     Pitch (deg)   Tension #1 (N)   Tension #2 (N)* 565 
 566 
Mean    -4.174E-02   1.080E-01     -2.710E-04  4.992E+06   4.998E+06 567 
Std.     9.853E-01   6.645E-03    4.417E-02   9.901E+05   5.771E+05 568 
Skewness  -3.404E-02   -5.952E-01   4.361E-03   1.648E-02    1.276E-03 569 
Kurtosis   -1.013E-01   1.407E+00   2.472E-01   1.768E-01    5.796E-01 570 
Maximum  3.532E+00   1.289E-01    1.633E-01   8.732E+06   7.389E+06 571 
Minimum  -3.092E+00   6.781E-02    -1.703E-01  1.300E+06   2.773E+06 572 
 573 
Approach 2   Surge (m)     Heave (m)     Pitch (deg)   Tension #1 (N)   Tension #2 (N) 574 
 575 
Mean    -4.775E-02   1.152E-01     -1.715E-04  4.990E+06   4.996E+06 576 
Std.     1.012E+00   5.266E-03    4.276E-02   9.652E+05   5.646E+05 577 
Skewness  -5.628E-02   8.840E-03    -3.471E-03  -3.253E-03   8.589E-03 578 
Kurtosis   -9.696E-02   -9.104E-02   2.293E-01   1.789E-01    4.884E-01 579 
Maximum  3.574E+00   1.341E-01    1.639E-01   8.757E+06   7.280E+06 580 
Minimum  -3.151E+00   9.654E-02    -1.688E-01  9.599E+05   2.784E+06 581 
 582 
Approach 3   Surge (m)     Heave (m)     Pitch (deg)   Tension #1 (N)   Tension #2 (N) 583 
 584 
Mean    -2.704E-03   1.081E-01    -1.090E-04  4.995E+06   4.996E+06 585 
Std.     9.548E-01   6.451E-03    3.834E-02   8.937E+05   4.848E+05 586 
Skewness  2.106E-03   -5.993E-01   1.616E-02   1.777E-02    -3.118E-02 587 
Kurtosis   -9.362E-02   1.427E+00   -1.440E-01  -4.452E-02   -7.156E-02 588 
Maximum  3.143E+00   1.277E-01    1.321E-01   8.053E+06   6.709E+06 589 
Minimum  -3.577E+00   6.524E-02    -1.435E-01  1.884E+06   3.353E+06 590 
 591 
*Tension #1 and #2 refer to tensions in tendon #1 and #2, respectively. 592 
 593 
The results show that the standard deviations of the pitch and tensions in tendons #1 and #2 594 
predicted using Approach 1 and Approach 2 are larger than those predicted using Approach 3, 595 
which is caused by the excitation effect of the viscous force on the columns and pontoons, which 596 
is anticipated based on a comparison of the pitch PSDs in Fig. 8. The standard deviation of the 597 
tension in tendon #1 is approximately twice that of the tension in tendon #2, which is determined 598 
by the special position of tendon #1. The direction from fairlead point #1 to the rotation center of 599 
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the platform, which is located at the center, is in alignment with the wave and wind directions, 600 
whereas those from fairlead points #2 and #3 have an angle of 60  relative to the direction of the 601 
waves and winds. Thus, when the platform pitches, the resulting tension variation in tendon #1 is 602 
doubled. Extreme loads are also important when considering the survivability of TLPs in severe 603 
sea states. One of the criteria for survivability is to avoid tendon slack. The minimum tension for 604 
tendon #1 predicted using Approach 2 decreases to less than one-fifth of its mean value, which is 605 
most likely a result of the exclusion of tendon damping. This finding represents one of the 606 
intrinsic limitations of linear mooring models. In addition, the set-down characteristic of a tension 607 
leg-type mooring system cannot be captured using linear mooring, which is illustrated in the 608 
incorrect heave motion skewness and kurtosis predicted using Approach 2. The kurtosis of the 609 
tension in tendon #2 is many times larger than its statistical standard error when the viscous forces 610 
on the columns and pontoons are simulated, which indicates that its probability distribution 611 
deviates substantially from a Gaussian distribution. The kurtosis of the pitch and tension in 612 
tendons #1 and #2 are all positive for Approaches 1 and 2 and negative for Approach 3. This result 613 
indicates that viscous forces increase the probability of extreme loads because a positive kurtosis 614 
indicates a fatter tail in the probability distribution function compared with that of a Gaussian 615 
distribution. The probability that the tension in tendon #2 will deviate from its mean value by 616 
three times its standard deviation is estimated by the ratio between the number of occurrences of 617 
this event and total number of samples based on the 2500 s simulation. The result is a ratio of 618 
0.0078 for Approach 1 and 0.0021 for Approach 3, whereas a value of 0.0027 is expected for a 619 
Gaussian distribution. Therefore, viscous forces increase the occurrence of extreme loads because 620 
they can produce higher harmonic resonant pitch motions. 621 
It is also worthy to note that there is little difference in the standard deviations of the tendon 622 
tension predicted by these three approaches, which means linear restoring models might be 623 
sufficient for the prediction of linear responses despite the presence of nonlinear responses. But 624 
when the tendon fatigue is of major concern, linear model seems to be insufficient, noted that in 625 
Fig.8, Approach 2 underestimates the peak height near the resonance frequency by about 30% 626 
compared with Approach 1. This can induce the same amount of underestimation for the tendon 627 
tension if the tendon is modeled as linear. Although including tendon dynamic effect does not 628 
change the linear response a lot, it significantly increases the pitch resonant response. The reason 629 
for this discrepancy should be that natural frequencies of the tendon transversal modes are much 630 
higher than the linear wave frequencies but close to the pitch resonant frequency, so strong 631 
coupling between pitch resonant response and tendon dynamic response is expected. 632 
 633 
5.4 Springing loads because of pitch resonance 634 
 635 
Pitch resonance is likely to cause springing and ringing responses. The time history of the 636 
high-frequency component of the tension in tendon #1 is determined by applying a high-pass filter 637 
with a cutoff frequency of 0.24Hz to the tension time history of tendon #1. The results are shown 638 
in Fig. 9. 639 
 640 
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 641 
Fig. 9 High-frequency component of the tension in tendon #1. 642 
 643 
 Tendon springing occurs at the resonant frequency of pitch motion, and this strong 644 
springing load has significant impacts on tendon fatigue life. Nevertheless, standard criteria have 645 
not been decided upon to differentiate between springing and ringing [9]. Springing occurs when 646 
the extreme high-frequency tension does not exceed five to six times the standard deviation and 647 
the kurtosis of the high-frequency tension is less than or equal to 2.0 [24], whereas ringing occurs 648 
if the extreme high-frequency tension exceeds seven times the standard deviation and the kurtosis 649 
of the high-frequency tension is greater than 2.0 [25]. Table 8 shows the statistics for the 650 
high-frequency pitch and tensions in tendons #1 and #2. 651 
 652 
Table 8. Statistics of the high-frequency pitch and tensions in tendons #1 and #2. 653 
 654 
                    Pitch(deg)          Tension #1(N)         Tension #2(N) 655 
 656 
Mean        2.753E-06       6.454E+03       6.358E+03 657 
Std.         2.858E-02       6.456E+05       3.235E+05 658 
Skewness      7.295E-04      1.212E-03       -1.129E-02 659 
Kurtosis       1.091E+00      1.062E+00      1.091E+00 660 
Maximum      1.080E-01      2.471E+06      1.235E+06 661 
Minimum      -1.073E-01      -2.427E+06      -1.215E+06662 
 663 
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 664 
According to this criterion, ringing is not observed within 3000 s of simulation time because 665 
all of the extreme values are less than four times the corresponding standard deviations, and none 666 
of the kurtosis values exceed 2.0.  667 
Ringing is more likely to be excited by highly asymmetric waves. In this simulation, the 668 
irregular wave is generated based on the superposition of airy waves, which results in a nearly 669 
symmetric wave profile. Further investigations should be performed to confirm whether the 670 
consideration of nonlinear waves and higher-order potentials neglected in this paper may lead to 671 
ringing. 672 
 673 
5.5 Effect of aerodynamic coupling 674 
 675 
The effects of aerodynamic coupling on the pitch resonance are studied by running 676 
simulations with and without winds. Here, the steady-state wind velocity is 11 m/s, which is close 677 
to the rated wind speed of the 5 MW wind turbine, and the rotor angular velocity is fixed at the 678 
rated value of 12.1 rpm. The PSDs of the surge, pitch, and tensions in tendons #1 and #2 are 679 
plotted and shown in Fig. 10. 680 
 681 
 682 
Fig. 10 Comparison of the dynamic responses of the surge, pitch and tendon tensions with and 683 
without steady-state winds. 684 
 685 
The surge PSDs exhibit small differences, which indicates that the hydrodynamic loads 686 
dominate the surge response, and the surge is slightly reduced by the damping effect of the winds. 687 
The pitch PSD is slightly increased at the wave frequency in the presence of winds because of the 688 
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aerodynamic coupling effect from surge motion indicated by equation (4). Because the TLP is 689 
compliant against horizontal loads and stiff against vertical loads, surge motion is much more 690 
appreciable than pitch motion. Therefore, although pitch motion causes an additional excitation 691 
force for surge motion through aerodynamic coupling, as suggested by equation (3), the excitation 692 
force is too small to be apparent. However, the additional aerodynamic excitation force for pitch 693 
motion caused by surge motion is sufficient to increase the pitch responses at the wave frequency, 694 
although at the pitch resonant frequency, aerodynamic damping significantly reduces the pitch 695 
resonant motion. The PSDs of the tension in tendon #1 show a similar trend with those of pitch 696 
motion. At the wave frequency, the PSD of the tension in tendon #2 is reduced in the presence of 697 
winds. This result is inconsistent to the behavior of pitch and tension in tendon #1, which is likely 698 
to be attributed to the effect of changed natural frequencies because of changed tension in tendon 699 
#2. The statistics in the presence of winds are listed in Table 8. 700 
 701 
Table 8. Statistics of motions and tendon tensions for a wind velocity of 11 m/s. 702 
 703 
Surge (m)  Heave (m)  Pitch (deg)  Tension #1 (N)  Tension #2 (N) 704 
 705 
Mean    9.191E+00  -1.364E-01  8.566E-02  6.931E+06    4.036E+06 706 
Std.     9.838E-01  5.362E-02  3.944E-02  8.892E+05    5.203E+05 707 
Skewness  -1.226E-01  -2.090E-01  4.524E-02  3.077E-03    2.177E-02 708 
Kurtosis   -5.148E-03  1.011E-01  1.568E-01  2.981E-01    3.267E-01 709 
Maximum  1.264E+01  1.143E-02  2.342E-01  1.041E+07    6.150E+06 710 
Minimum  5.978E+00  -3.620E-01  -5.970E-02  3.413E+06    2.071E+06 711 
 712 
    The standard deviations of the pitch and tendon tensions are reduced, which is anticipated 713 
based on their PSDs and caused by the damping effect of the aerodynamic forces, which 714 
significantly reduces the resonant motion. Both the maximum and minimum values of the tension 715 
in tendon #1 increase and those of tendon #2 decrease because the pitch moment induced by the 716 
rotor thrust force increases the mean value in tendon #1 and decreases the mean value in tendon 717 
#2. In addition, variations in the tensions are reduced because of aerodynamic damping, with the 718 
reduction caused by the combination of these two effects, indicating that aerodynamic forces 719 
mitigate the severity of extreme loads on tendons, which is beneficial for survivability. These 720 
forces also change the dynamic response characteristics of the tendon system by changing the 721 
mean tensions, which leads to changes in the natural frequencies of the tendons’ transversal 722 
motions. The natural transversal frequencies of a tensioned beam increase with increasing tension. 723 
Therefore, both the tension and natural transversal frequencies of tendon #1 increase because of 724 
the pitch moment induced by the rotor thrust, whereas those of tendon #2 decrease. This change 725 
causes different responses in tendons #1 and #2 to the excitations at different frequencies. The first 726 
structural natural period of the tendons is 3.69 s without an aerodynamic load. In the presence of 727 
steady-state winds, the natural period of tendon #1 decreases and nears the pitch resonant period, 728 
making it more sensitive to pitch resonance. As a result, the kurtosis of the tension in tendon #1 729 
increases because of the pitch resonance, whereas the natural period of tendon #2 increases and 730 
becomes less sensitive to the pitch resonance, leading to a decrease in the kurtosis. 731 
6 Conclusions 732 
23 
 
    This work presents the coupled dynamic responses of the surge, pitch and tendon tensions of 733 
a TLP-type floating wind turbine predicted using a newly developed time-domain code, CRAFT. 734 
The capability of CRAFT has been verified by comparing its simulation results with those 735 
predicted using FAST as well as with experimental results. 736 
    The following conclusions regarding the pitch resonance induced by viscous drag forces can 737 
be drawn from the simulation results. 738 
(1) The viscous forces on both the column and pontoons and those on the tendons contribute to 739 
higher harmonic excitation in the pitch resonance, with the former dominating the response. 740 
The excitation effect of the viscous force on the tendons decreases with increasing wave 741 
periods, and the damping effect increases and overwhelms the excitation effect. 742 
(2) Higher harmonic pitch responses have much smaller amplitudes than those of the relatively 743 
lower harmonic responses, whereas both have a strong dependence on wave height. 744 
Regardless of the order, the amplitudes of all higher harmonic resonant pitch motions are 745 
proportional to the wave height to a power of one and half when the wave height is small. The 746 
amplitude of the third higher harmonic resonant pitch motion increases with increasing wave 747 
heights for small waves, reaching a maximum when the wave height attains a threshold and 748 
decreasing with further increases in the wave height. These responses are mainly caused by 749 
the increasing damping effect of the viscous drag force.  750 
(3) The third harmonic excitation produces well-defined pitch resonance and tendon springing for 751 
a random sea state. These motions are found to be highly nonlinear, and their probability 752 
distributions deviate from that of a Gaussian distribution. The probability of experiencing 753 
extreme loads is also significantly increased because of springing. 754 
(4) Aerodynamic loads provide significant damping for pitch motion, which mitigates the severity 755 
of resonant motion and also changes the dynamic response characteristics of the tendons by 756 
changing their mean tensions. This is consistent with the experimental findings in Koo et. al. 757 
[5]. An additional coupling between surge and pitch is observed, and it is caused by the 758 
presence of aerodynamic forces. This effect slightly increases the pitch response at the wave 759 
frequency. 760 
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